The monoliths studied in this work show large specific surface areas (up to 1600 m 2 g -1 ), high densities (up to 1.17 g cm -3
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) and high electrical conductivities (up to 9.5 S cm -1 ). They are microporous carbons with pore sizes up to 1.3 nm but most of them below 0.75 nm. They also show oxygen functionalities. The electrochemical behavior of the monoliths is studied in three-electrode cells with aqueous H 2 SO 4 solution as electrolyte. This work deals with the contribution of the sulfate ions and protons to the specific capacitance of carbon monoliths having different surface areas and different contents of oxygen groups. Protons contribute with a pseudocapacitance (up to 152 F g -1 ) in addition to the double layer capacitance. Sulfate ions contribute with a double layer capacitance only. At the double layer, the capacitance of the sulfate ions (up to 291 F g -1 

Introduction
Carbon monoliths consist of a three-dimensional network of linked carbon particles [1] [2] [3] [4] [5] . They show higher electrical conductivity compared to compacted powder pellets, as a consequence of the better contact between adjacent particles [6] .
Carbon monoliths usually show a hierarchical porosity derived from the connectivity of macro/mesopores and micropores [1] [2] [3] [4] [5] [6] . Both hierarchical porosity and high electrical conductivity account for the application of carbon monoliths as supercapacitor electrodes.
Although carbon monoliths have been prepared before [1, 2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , only in the last few years have they been studied as electrodes in their current form, i.e. as an entire piece of carbon [6, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Cells having carbon monoliths as electrodes have a number of advantages over those comprising compacted powder pellets made from powder carbon. Indeed, the cells with monolithic electrodes reach higher capacitances, lower electrical resistances and shorter response times (i.e. faster charge/discharge of the cell) [6] . The effect of the three-dimensional character of the monolith on the electrical response of the cells has also been studied [21] . As the monolith height increases, (i) the cell capacitance increases significantly, which is an advantage, (ii) the cell resistance increases slightly, which is a moderate drawback, and (iii) the response time becomes longer, which is an important drawback. So, thicker monoliths are better for improving cell energy and thinner monoliths are better for improving cell power [21, 22] .
Like other carbons, the carbon monoliths can be doped with heteroatoms (oxygen, nitrogen, phosphorus, sulfur,…), the doping giving rise to an increase of the specific capacitance or to a broadening of the working voltage window [33] [34] [35] [36] [37] [38] . The high electrical conductivity makes carbon monoliths suitable substrates for depositing other active electrode materials such as polymers [39] or oxides [40, 41] . In general, the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 4 carbon monoliths are isotropic materials; however, some monoliths are anisotropic and show carbon walls and channels, both aligned along a specific direction of the monolith [21] . The main drawback of the carbon monoliths is their low density, typically lower than 0.5-0.6 g cm -3 [2, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Consequently, their volumetric capacitance is usually low, below 100 F cm -3 in aqueous electrolytes and below 50 F cm -3 in organic ones.
The usual procedures to prepare porous carbon monoliths are: (i) From carbonization of gels obtained from several carbon precursors and catalysts [1, 2, [11] [12] [13] [14] [15] 18, 24, 25, 29, 31] , (ii) From carbonization of gels having a "template" that is removed either thermally during carbonization, or chemically by reaction with specific reagents [4, 8, 23] , (iii) From infiltration of an inorganic monolith with a carbon precursor followed by carbonization of the precursor and removal of the inorganic template [8, 9, 13, 30] , (iv)
From carbonization of a natural monolith, e.g. a piece of wood or of bone [28, 32] , and (v) From mold conforming (with or without binder) under pressure of several carbon or carbon precursors followed by carbonization [20, 21, 26, 27] . A modification of the latter case includes carbonization of a carbon precursor, e.g. polyvinylidenechloride (PVDC)-based copolymers, as produced by ATMI, Inc (BrightBlack® carbon monolith).
The ATMI carbon monolith, which is the starting carbon monolith studied in this work, is a microporous carbon that combines high density ( ) and a high capacitance retention on current as measured in sulfuric acid as electrolyte [42] . This work, which shows the highest volumetric capacitance ever reported in acidic electrolyte, was made from electrochemical measurements in two-electrode cells. Hence, the capacitances reported came from the contribution of the two types of ions, sulfate ions and protons, and these contributions were unknown. ) at 800 ºC for 3 h. The monoliths, so-called CM-48, were obtained by activation under CO 2 flow (100 ml min -1 ) at 800 ºC for 48 h. Details on the preparation procedures are reported elsewhere [42] . The N 2 treatment was applied to decrease the content of surface oxygen groups while keeping the same surface area. The CO 2 treatment was carried out to increase the porosity and hence the surface area while decreasing the content of surface oxygen groups. Temperature-programmed desorption (TPD) experiments were carried out to characterize the surface chemistry of the monoliths. Details on the experimental procedures are reported elsewhere [42] . The intensities of the CO and CO 2 signal were measured to quantify the CO and CO 2 evolved from the monoliths.
The microstructural characterization was carried out by Scanning Electron
Microscopy (SEM). Images were obtained in the secondary electron mode by a Jeol JSM 6500 F instrument.
The above mentioned cylindrical monoliths, of 10 mm in diameter and 16 mm in height, were cut in slices of the same diameter and 1.3-1.6 mm in height. These slices, of 0.11-0.14 g in weight, were used as working electrodes in three-electrode cells.
Hg/Hg 2 SO 4 and platinum wire were the reference electrode and counter electrode, respectively. Aqueous 2M H 2 SO 4 solution was chosen as the electrolyte. Prior to the electrochemical measurements, the electrolyte was allowed to infiltrate the monolith for 1.5 days under primary vacuum (ca.10 -1 Torr).
3. Results and discussion.
Physical characterization.
A picture of the starting CM monolith is shown in Figure 1a . It is a disk of 10 mm The closely compacted microstructure accounts for the high density of the three monoliths: 1.17, 1.03 and 0.80 g cm -3 for CM, CM-N 2 and CM-48, respectively. The monolith density decreases with removal of oxygen groups and development of porosity [42] . The density found for the three monoliths is higher than that reported for other carbon monoliths, with densities usually below 0.6 g cm -3 [2, 20, 21, 24, 26, 27, [29] [30] [31] [32] , and also higher than the density of pellets obtained from PVDC-based carbon powders [43, 44] .
The three monoliths showed I-type N 2 adsorption isotherm (Figure S1 nm [42] . The PSD of CM and CM-N 2 was nearly the same, pointing out that the heating at 800 ºC under N 2 flow does not change the size of the pores. This treatment did not appreciably change the specific surface area as measured by different methods: S BET , S DR , S α-plot , S t-plot and S DFT . In contrast, the CM-48 showed a PSD with higher portion of the micropores larger than 1 nm and also larger specific surface area, the latter being independent on the method chosen [42] . From the DFT method, the total surface area as well as the surface areas associated with micropores larger than a certain value can be estimated. In the literature, sizes for dehydrated and hydrated sulfate ions, of ca. 0.5 nm and 0.6-1 nm, respectively, have been reported [30, 43, [45] [46] [47] . The proton size is still uncertain and the size seems to depend on the pH and counter ion [48] [49] [50] . To check how the S DFT surface area changes in relation to the size of the micropores, the sizes above 0.6, 0.75 and 1 nm were arbitrarily chosen and the S DFT values obtained for the three monoliths are shown in Table 1 . In the three cases, the main contribution to S DFT is due to micropores smaller than 0.75nm, micropores bigger than 0.75 nm contribute to S DFT with a percentage in the range 9-27 % for the three monoliths. When we pass from CM to CM-N 2 , the S DFT due to micropore >0.6 and >0.75 nm increases slightly but S DFT due to micropore sizes >1 nm remains constant. Overall, S DFT increases slightly. When we pass from CM-N 2 to CM-48, the S DFT due to micropores >0.6, >0.75 and > 1 nm increases clearly, especially for micropores >1nm because these micropores are broadened by the activation treatment. Overall, S DFT increases clearly.
Regarding the oxygen functionalities that evolved as CO and CO 2 in TPD, it was
shown that the CO and CO 2 content of CM-N 2 and CM-48 are lower than those of CM,
i.e. the oxygen functionalities are removed by heating at 800 ºC either under N 2 flow for M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
9 3 h or under CO 2 flow for 48 h, the removal being more important for the latter treatment that was applied for longer time [42] . Because the CO contents are taken below to estimate the pseudocapacitance, those contents are collected in Table 3 for the three monoliths.
3.2 Electrochemical study in three-electrode cells.
In a previous work some of us reported a gravimetric and volumetric capacitance as high as 292 F g -1 and 342 F cm -3 , respectively, for the starting CM monolith in acidic electrolyte [42] . These values, which are the highest ever reported in acidic electrolyte, were measured in two-electrode cells, and hence the capacitances are due to the contribution of the two types of ions, sulfate ions and protons. In this work, the capacitance due to each type of ion is measured and its contribution to the total capacitance as well as to the double layer capacitance is discussed. The galvanostatic measurements were carried out at low current density (1 mA cm Table 2 ).
The specific capacitance, due separately to the sulfate ions and protons, was determined by galvanostatic measurements, also at 1 mA cm These monoliths were chosen because they show the highest and lowest content in oxygen groups ( [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Estimation of the pseudocapacitance and separation of the pseudocapacitance from the double layer capacitance has been made on the basis of the linear dependence found between pseudocapacitance and CO-generating oxygen groups, despite different oxygen groups seem to be involved [58, 60] . Taking into account that the monoliths studied in this work are microporous, the pseudopcapacitance has been assessed according to the methodology reported for microporous carbons. The pseudocapacitance was found to be proportional to the content of CO-evolving groups with a rate of 0.063±0.005 F µmol -1 of CO for microporous bead carbons [58] and with a rate of 0.042±0.008 F µmol -1 of CO for micropourous carbon nanofibers [60] . The two values are close within experimental error. Because our microporous carbon monoliths are made from carbon microbeads M A N U S C R I P T
as deduced from the SEM study, the pseudocapacitance C 1s (PS) H + for each monolith was estimated according to the equation:
where the CO content expressed in µmol CO g -1 is the amount of CO evolved in TPD experiments (Table 3) . Then, C 1s (DL) H + was calculated as C 1s (DL) H + = C 1s H + -C 1s (PS) H + . Table 3 with the increase in specific surface area from CM to CM-48. Therefore, the anomalous variation observed for C 1s H + along the series CM, CM-N 2 , CM-48 (Table 2 ) is a consequence of the presence of two contributions, C 1s (PS) H + and C 1s (DL) H + .
Comparing the values of C 1s (DL) SO 4 2-with those of C 1s (DL) H + for the three monoliths, C 1s (DL) SO 4 2-is slightly higher (1.2-1.4 times) than C 1s (DL) H + (Table 3) .
This result could suggest a preference of the sulfate ions against protons to form the double layer. However, the fact that C 1s (DL) SO M A N U S C R I P T M A N U S C R I P T M A N U S C R I P T Figure S1 . Nitrogen adsorption isotherms recorded on the monoliths CM, CM-N 2 and CM-48. The inset shows the isotherms plotted in a logarithmic scale on the relative pressure axis.
